In this study, an experimental investigation of surface roughness and cutting forces in milling of Al 7075 aluminum using multi-layered coated DLC cutting tools is presented. The influences of the feed rate, tool path strategy and depth of cut on surface roughness and cutting force are examined. In order to optimize the milling process, Taguchi Grey-based optimization method is used. The optimal machinability of Al 7075 aluminum using multi-layered coated DLC cutting tools is successfully determined.
Introduction
Aluminum alloys are extensively used as a main engineering material in various fields, such as automotive industry, in the mould and die components manufacturing and in the industry in which weight is the most important factor [1] . Cutting of aluminum alloys is a major manufacturing process in the automotive industry and in the manufacturing of mould and die components.
Milling with an end mill and insert is one of the important machining processes for engraving, for surface contouring, for making profiles, slots, and pockets in precision molds and dies. The machining process is used in both rough and finishing operations [2] . Among the modern machining tools, CNC milling machines are extensively used in machining. Various CAM software is used for programming CNC milling machines, which are used in cast manufacturing as well as in machining of numerous products.
Tool path for machining is calculated using these programs based on various available path algorithms, such as one-way, zigzag, spiral and others. Selection of these methods affects machining time and surface quality of the machined material [3] [4] [5] . Determination of the tool material and cutting geometry is essential. Efficiency is reduced when the machining conditions are non-standard, even if the suitable tool is selected. Theoretical studies should be carried out for each material to be machined and each type of cutting tools in order to provide high efficiency and economical machining [6] [7] [8] [9] [10] [11] .
It is specified that determination and application of cutting tool strategies and movements are critical in milling of volume casts, aeronautical and cutting casts [6, 7, [12] [13] [14] [15] . Selection of the suitable cutting strategy and movement provides a reduced machining time and production cost and increased surface quality, tool * corresponding author; e-mail: muay@marmara.edu.tr life, and efficiency. In particular, tool displacement types affect the cutting forces. It was shown that tool displacement errors should be minimized in order to reduce the occurring cutting forces.
In recent years the movement towards eliminating the use of cutting fluids by dry machining is one of the most important challenges in the field of metal cutting, because the use of cutting fluids increases costs for waste disposal and environmental loads [16] [17] [18] . In particular, aluminum alloys are well known as critical materials with regard to dry machining [16, 17] . Without the use of any cutting fluids, these materials severely adhere to the tool surface and form a built-up edge due to their low melting point and high ductility, leading to deterioration of the surface integrity of the work-piece and tool failure.
Diamond-like carbon (DLC) coated tools are considered to be suitable for dry machining of aluminum alloys [19, 20] . However, a flooded cutting fluid is required in practical use to avid adherence of aluminum chips to DLC-coated tools [21] .
In this study, surface roughness and cutting forces were investigated experimentally in milling of Al 7075 aluminum material (which is used in such fields as space and aircraft industry) by DLC coated end-mill cutting tools. Effect of tool path, feed and cutting depths on surface roughness and cutting forces was examined. Taguchi technique was used for optimization of the milling process. The optimal cutting parameters were A3B1C1 for surface roughness and cutting force i.e. spiral tool path, feed rate of 500 mm/min, and depth of cut of 0.25 mm.
Materials and methods
2.1. Materials Specimens used in the experimental study are made of Al 7075 aluminum alloy, the chemical composition and mechanical characteristics of which are given in Tables I  and II , respectively. JOHNFORD VMC-850/550+APC CNC Fanuc 0T x-y-z axis CNC Milling Machine with a motor power of 30 HP was used in the experiments. DLCmill L9330 DLC coated end-mill was used for cutting.
(125) MAHR-Perthometer surface roughness tool was used for measurements of surface roughness. KISTLER 9265B dynamometer was used for measurement of cutting force in combination with the KISTLER 5019b type charge amplifier. DynoWare software was used for analysis. 
Experimental design and measurement
Experiment was designed using Taguchi technique. This way it has been possible to achieve more comprehensive results with a smaller number of experiments, to reduce time and cost of the study [22] [23] [24] . As the roughness of the processed surface and the magnitudes of cutting forces are required to be as small as possible in determination of the quality characteristics, the principle of "the smallest is the best" was used for the quality values expected from the experiments.
In this experimental study, tool path, feed and cutting depths were chosen as parameters. Multiple-layer DLC coated end-mills were used in all experiments. The parameters and their levels are presented in Table III , while L9 experimental design and the surface roughness and cutting forces obtained from the experiments are given in Table IV . 
Taguchi based Grey relational analysis
The obtained experimental results and the determined parameters were optimized with Grey based Taguchi method. Using the regression model, the equation between dependent parameters and independent parameters was found. The Taguchi method uses a special design of orthogonal arrays to study the entire parameter space with only a small number of experiments.
While only one outcome is optimized in the Taguchi method, multiple outcomes can be optimized in the Grey relational analysis [24, 25] . In this study, Taguchi method was used in the experimental design step and the Grey relational analysis was used in the optimization step.
Grey relational analysis optimization process was carried out in three following steps [24, 25] ;
Normalization of experimental results
(the lowest -the best).
2. Calculation the Grey relational coefficient.
3. Calculation of the Grey relational degree.
4. Determination of optimal experimental parameters.
In the normalization step, the experimental results were normalized using the following equation according to "the lowest -the best" principle.
where, x i (k) refers to the value from the series i and row k after normalization process, min y i (k) refers to the minimum value from the series i, max y i (k) refers to the maximum value from the series i and y i (k) refers to the original value from the series i and row k. In step two, Grey relational coefficient was calculated via Eq. (2);
Here, ζ is a distinguishing coefficient between 0 and 1, ∆0 i is the amount of deviation between the reference series and the normalization values, ∆ min refers to the minimum value of the deviation sequence from the reference series and ∆ max refers to the maximum value of deviation sequence from the reference series. In step three, Grey relational degree was calculated by Eq. (3);
Results and discussion
In the experimental step according to Taguchi L9 experiment design the values of surface roughness and cutting force were measured. The results are shown in Table IV . Grey relational analysis (normal- Tables V and VI. The Grey relational coefficients were calculated using Eq. (2) and results are shown in Table V. The Grey relational degrees, related to each experimental result were calculated (Fig. 1) and the experimental results were ranked in order from highest Grey relational degree to lowest and are presented in Table V .
For the determination of optimal levels of the factors, the Grey relational degree for each factor level was calculated. The results are shown in Table VI .
As seen from Table VI, A3 (tool path: spiral), B1 (feed: 500 mm/min) and C1 (depth of cut: 0.25 mm) were selected as the optimal parameter levels, based on the results. The optimal levels of parameters will correspond to the lowest surface roughness and lowest cutting force values. 
Conclusions
This study of the machinability of Al7075 aluminum alloy with multiple-layer DLC coated end-mills has produced some useful results. Surface roughness and cutting force were used as the criteria for the machinability. Three control factors which were considered to be effective in creating the most suitable conditions for the criteria (feed rate, depth of cut and tool path) were chosen at three different levels and applied in the experimental study. Below is the summary of the results:
• Based on the Grey relational analysis, the optimal cutting parameters for surface roughness and cutting force were A3B1C1, i.e. spiral tool path, feed of 500 mm/min, and depth of cut of 0.25 mm. Taguchi method is beneficial for the experimental design of the machinability of Al7075 aluminum alloy material. Having optimized parameters helps to keep the response values at required levels.
• Test results prove the effectiveness of the wiper inserts in providing excellent surface roughness. The results also suggest that the use of the wiper insert is an effective way to significantly increase cutting efficiency without changing the machined surface roughness in high feed turning operations.
